Population-weighted density is the mean of the densities of subareas of a larger area weighted by the populations of those subareas. It is an alternative to the conventional density measure, total population divided by total area. This paper shows that population-weighted density is equal to conventional density plus the variance in density across the subareas divided by the conventional density. This density alternative is very dependent on the size and configuration of the subareas, an issue that has not been adequately addressed by most users. Urban sprawl is associated with lower densities, and the choice of the appropriate density measure is dependent upon the negative consequences of sprawl being considered. Comparison of conventional and population-weighted densities show the latter to be more highly skewed and to sometimes rank urban area densities very differently. Population-weighted density is more strongly related to the size of the urban area, especially size in earlier years, demonstrating the effect of the timing of urban growth on density.
Introduction
Density is one of the most fundamental characteristics of an urban area. The basic idea of density is simple-population or some other count divided by area. Some have proposed an alternative measure of density generally called population-weighted density, which consists of the mean of the densities of small subareas weighted by the populations of those smaller areas. Because the densities are weighted by the subarea populations, this provides a measure of density that reflects the average density as experienced by the residents of the urban area within their subareas.
Population-weighted density is a valid alternative to conventional density that captures aspects that the other measure does not. But some proponents of this measures have gone farther. It is one thing to maintain that population-weighted density might be a "more meaningful" or "informative" measure of density than the conventional measure (Avent 2011 , Bradford 2008a . But others claim that population-weighted density is "a better way to measure density" (Florida 2012) and "the best way to ! 1 measure density (Davies 20012b) ." Indeed, the conventional measure of density is dismissed as "a meaningless number" (Bradford 2008a ) that is a "counterintuitive" measure of density (Bradford 2008c , Davies 2012a and "leads to some funny results (Yglesias 2016) ." Duke (2012) went so far as to say that population-weighted density eliminated the "boundary games" associated with conventional density, essentially implying that those using that measure were intentionally attempting to mislead.
A more nuanced approach is provided by Craig (1984) , who says that "the conventional crude population density is not a good measure of the density at which the population lives." The emphasis is his, highlighting that population-weighted density is a better measure for addressing that particular question. He further states (Craig 1985) that "which measure is appropriate depends on whether population density is being used as a land-use measure or as a social indicator of the population densities experienced by the population." This paper adopts Craig's view that populationweighted density is an alternative measure that has advantages for certain purposes but cannot be considered to be a generally superior measure of density.
A simple analogy can illustrate how an alternative measure can be better for some purposes while not being a better overall measure. I grew up in the upper Midwest where temperatures in winter could get very cold, sometimes well below zero. At those times, we would pay close attention to the wind chill, a composite of the actual temperature and the wind speed. This alternative temperature measure was important not just as an indicator of how cold one would feel outside but as an indicator of the risk of frostbite and hypothermia. But certainly wind chill cannot be considered a better measure of temperature that could supplant the conventional, actual temperature. It would not be appropriate to substitute high and low wind chills in reporting daily weather, nor would wind chill provide an indication of whether certain substances would freeze. This paper comprehensively examines population-weighted density and its use as an alternative to the conventional density measure. It begins with the definition of the densities and the demonstration that population-weighted density is a simple function of conventional density and the variance in density across the subareas. Issues that arise with both conventional and population-weighted density are discussed next. Population-weighted density has been used in a variety of contexts and some examples are presented. Urban sprawl is associated at least to some extent with low-density development, and both conventional density and population-weighted density can be relevant to the examination of sprawl in different contexts. Finally, conventional and population-weighted densities for 59 large urban areas in the United States in 1950 and 2010 are compared.
The Relationship between Population-Weighted Density and Conventional Density
This section presents the derivation of the relationship between populationweighted density and conventional density. It starts with the definitions of the two measures of density. The density D of an urban area (which will be referred to as "conventional density" to distinguish it from population-weighted density) is the total population or other measure of interest such as housing units P divided by the total area A:
By definition, the total population and area of the urban area are simply the sums over census tract (or other subarea) populations and areas:
where p i is the population and a i is the area of tract i. The density d i of tract i is its population divided by its area:
Also relevant for comparisons with population-weighted density, conventional density is the mean of the densities of census tracts (or other subareas) weighted by their areas:
Thus, conventional density is area-weighted density as contrasted with populationweighted density.
Population-weighted density D P is the mean of the census tract densities weighted by the populations of the tracts: Craig (1984 Craig ( , 1985 suggests that the extent to which population-weighted density exceeds conventional density will depend on the variation in density across the subareas. However, in comparing population-weighted density with conventional density, Craig (1984 Craig ( , 1985 and Dorling and Atkins (1995) have used the absolute differences and the ratios of the two types of densities.
We now show that the difference between population-weighted density and conventional density is a simple function of the variance in density across the census tracts and conventional density. 1 Calculating the variance requires the mean density across the tracts. For the calculation of both the mean density and the density variance, it is necessary to weight the calculations by the areas of the tracts, as these differ. So the mean density is therefore the same as the overall density:
The density variance s D 2 is then the area weighted sum of the squared differences between the tract densities and the mean density divided by the total area:
Note that since we have information on all of the tracts, not just a sample, we do not need to do the equivalent of the (n -1) correction for the weighted variance.
The manipulation of the variance starts with the squaring of the binomial term in parentheses, splitting the sum, factoring out constants from the sums, and substituting conventional density for mean density:
The sum in the second term, tract area times density, is the sum of the tract populations, the total population P, which is equal to the area times the density, AD. Substituting that along with the total area A for the sum of the tract areas in the third term gives Lewontin and Levins (1989) attempted to derive the relationship between conventional and population-1 weighted density, taking a more indirect approach that required making approximations and producing a result they described as a "poor approximation." Their result includes both variances and covariances. Then by assuming equal areas for the subdivisions they get a result similar to that reached here.
To show this to be related to the difference between population-weighted density and density, begin by substituting p i /a i = d i for one d i in the first term:
Multiply the first term by D/D and substitute P = AD, Factor D out from both terms, giving
The first term inside the parentheses is the formula for population-weighted density, so
The variance in density is the difference between population-weighted density and conventional density multiplied by the conventional density. Therefore the difference between population-weighted density and conventional density is which is the density variance divided by the conventional density. Alternatively, population-weighted density is so population-weighted density is simply conventional density plus the variance of density divided by conventional density.
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Issues with Conventional and Population-Weighted Density
Issues arise with respect to both conventional and population-weighted density suggesting that their use as measures of density is not as straightforward as it may seem. The major issue with conventional density is that this measure is very sensitive to the extent of the territory included in the urban area or other area for which density is being calculated. This has been noted by many including Barnes (2001) , Davis (2015) , and Bradford (2008c) .
This problem is exemplified in considering the densities of Metropolitan Statistical Areas (MSAs). These areas are defined using counties as the building blocks. Counties included in MSAs can include substantial areas that are very lightly populated and not clearly related to the urban area. This additional area reduces the density calculated for the area. Extreme examples of this are in the West, where counties can be very large. San Bernardino County is one of 2 counties making up the Riverside-San Bernardino-Ontario MSA. This is the largest county in the lower-48 states. It extends from Los Angeles County about 200 miles east to the Nevada and Arizona borders and has a land area of over 20,000 square miles, larger than 9 states. Nearly all of the population is concentrated in the southwestern corner of the county. A major portion of the county is the Mohave Desert. This area is not just rural, it is essentially empty. Driving across the county on Interstate 40, you encounter a warning sign before an interchange that informs you that it will be over 80 miles until the next gas station. Obviously including all of this empty land in any calculation of density gives an extremely artificially lowered value that does not reflect the character of the actual urban development in the MSA adjacent to Los Angeles. Morton (2015) states that therefore conventional density is "a contentious measure, owing to the question of where to place the boundary." He explicitly notes the arbitrary nature of administrative boundaries. But he goes on to say that this problem can be addressed by defining the urban area by aggregating small areas using a minimum-density cutoff. This is exactly the approach taken by the census in defining Urbanized Areas and in the current research reported here.
The conclusion with respect to this issue should be that conventional density should be used as a measure of density only for areas that have been defined in such a ways that they do not include sparsely settled territory or other area that biases the measure, as is the case with MSAs. Note that population-weighted density, by giving low weights to the low-density subareas, minimizes this problem for such areas. (It does not, however, eliminate the problem, as noted by Coombes and Raybould 2001) .
This issue has led some of the more ardent proponents of population-weighted density to strongly dismiss conventional density. Davis (2015) makes the point about problem of arbitrary boundaries for conventional density. Loader (2013) says conventional density is not very meaningful "because of the inclusion of vast swaths of unpopulated land within "metropolitan areas." Both fail to acknowledging the possibility that conventional density could be appropriate in other contexts where the boundaries are not so arbitrary. Duke (2012) says population-weighted density "is less impacted by large unpopulated areas, largely eliminating boundary games," essentially implying that those using conventional density are intentionally trying to mislead by manipulating the areas for which density is being computed. (This is, of course, ridiculous in choosing to compute densities for MSAs, the boundaries of which are not defined by the those computing densities for these areas.)
Population-weighted density requires densities for subareas of the larger area for which the density measure is to be computed. The selection and nature of the set of subareas to be used is the source of numbers of issues related to this measure of density. Perhaps the most important question for computing population-weighted density is the number and sizes of the subareas. Craig (1984 Craig ( , 1985 and Morton (2015) make the point that the use of smaller subareas will increase the population-weighted density. The previous section demonstrated that population-weighted density increases with the variance in density across the subareas. The smaller the subareas, the greater the variation, since larger subareas incorporate more of the density variation within those areas, resulting in less between-subarea variation. Craig (1985) says that the greater the number of subareas, the greater variation in density. Lewontin and Levins (1989) argue that that smaller areas will have greater within-area homogeneity and higher levels of between-area heterogeneity, making for greater population-weighted variance.
Many different subarea divisions have been used for the calculation of population-weighted densities for urban and metropolitan areas. In most instances, the authors have simply declared which subareas are being used without providing any explanation or justification for their choice. Consider just the units used for calculating population-weighted density for urban areas in the United States: Starting with the smaller subareas, Barnes (2001) used traffic analysis zones and Lee and Lee (2004) used block group data from the census. Census tract densities were the source for the densities calculated by Bradford (2008b) and by the Census for their report on change in metropolitan areas (U.S. Bureau of the Census 2012b). Glaeser and Kahn (2004) used ZIP codes. Rappaport (2006 Rappaport ( , 2008 calculated population-weighted density using as subareas the intersections of county subdivisions and municipalities within metropolitan areas.
The effect of the choice of subareas, especially across such a wide spectrum, on the values for population-weighted density is huge. Direct comparisons among many of the studies cited above is difficult because they calculate densities for different areas and use data for different years. The population-weighted densities calculated by two of the studies can be directly compared as they use census data for 2000 and calculate the densities for MSAs using post-2000 definitions. The census report (U.S. Bureau of the Census 2012b) used census tracts as the subareas. Rappaport (2006) used the intersections of county subdivisions and municipalities. Comparisons are made for the densities of the Los Angeles and New York areas, perhaps the most common comparison for works presenting population-weighted densities. The choice of subareas does not affect the conventional densities. The census reported a density for Los Angeles of 2,646 persons per square mile and for New York, 2,826. For populationweighted density, the census reported the value of 12,100 persons per square mile for Los Angeles using census tracts as the subareas, while Rappaport's density using the much larger subareas was 7,800. And the difference for the New York area was even greater, 31,300 versus 18,900. (Rappaport rounded densities to the nearest hundred, so the same has been done for the more detailed population-weighted densities from the census report.) So this leaves hanging the question of what is the population-weighted density? The only answer can be that "it depends" on the set of subareas used for the calculation.
The logic underlying population-weighted density is that it represents the average density experienced by the residents of the urban area. But this raises the question as to what might be the size of the area around their dwellings within which people experience density. This is a question that has generally not been addressed but is fundamental to the selection of the appropriately sized subareas for computing population-weighted density. Barnes (2001) does address this issue, saying that "the density of a traffic zone is thus a good measure of the immediate few blocks around a person's home." However, he then proceeds to raise another issue relating to subareas and population-weighted density when he describes the sizes of traffic zones as ranging from as small as a single block to more than a square mile in outlying, less dense areas. This large variation in size affects not only traffic analysis zones but other units frequently used as subareas for population-weighted density, including block groups, census tracts, and ZIP codes. It is difficult to believe that someone's experience of the density within a few blocks of their residence is the same as their experience of the overall density within an area that could be measured in miles. Barnes (2001) minimizes the problem by suggesting that nearby areas will tend to have similar densities, which is true. Except when it isn't. Remember that populationweighted density is based on the premise that densities (and the experiences of residents of density) varies across the urban area. As has been shown, populationweighted density varies with the variance of density across the subareas. So maintaining that the variation in the sizes of the subareas is not a problem because densities do not vary that much is necessarily a rather weak argument.
A fairly small, minor point can also be added with respect to the experience of density by the residents of subareas. The density of the entire subarea is weighted by the total population living within that area. So the assumption must be that every resident of the subarea shares that same experience of density. But what about a person ! 8 living near the boundary of that subarea? What he or she experiences in terms of density may depend as much on the densities of adjacent subareas as on the density of the subarea of residence. Once again, a tendency of densities to frequently be similar in adjacent subareas would reduce the significance of this issue.
One other characteristic of urban areas and the distributions of both residences and other uses across the subareas will exacerbate the differences in densities between nearby areas. The densities generally being considered, both for the entire urban area for conventional density and for the subareas used for population-weighted density, are gross densities. That is, they are the total population of the area or subarea divided by the total land area. This land area includes both residential areas and other land uses. The latter could include, for example, commercial and industrial uses, parks, and even vacant land. Working with census data does not allow the computation of net residential densities, which is population divided by the amount of residential land (however defined).
This, of course, affects both conventional density and population-weighted density. For conventional density, however, if the proportion of the land that is residential in the entire urban area remains relatively constant over time or between different urban areas, the inclusion of the nonresidential areas will have a limited effect when making comparisons. And this is probably not an unreasonable assumption.
For population-weighted density, on the other hand, the effect of the nonresidential land will depend upon its distribution within the urban area relative to residential areas and the the locations of the boundaries of the subareas in relation to this distribution. Morton (2015) implicitly raises this issue in discussing the effect of larger subareas and the locations of the subarea boundaries on densities. A simple example will show what can happen. Suppose an urban area includes a residential area with a uniform density that extends across multiple subareas such as census tracts. One census tract lies totally within this residential area-all of the land is residential. A second census tract having the same total land area falls on the edge of this larger residential area such that half of its area is residential and the other half includes other, nonresidential uses. Residents of both tracts live in a residential area having the same density (by definition). It is therefore reasonable to assume that they might have the same experience of density. But the second tract on the edge of the area would have half the population of the first tract and therefore half the gross population density that would enter into the calculation of population-weighted density.
The effect of such density variation resulting from nonresidential uses will depend on the densities involved. If these are high-density areas, the lower density of the subarea with the nonresidential use could have the effect of reducing the total variance in density across the urban area. This would, of course, lower the populationweighted density. On the other hand, if the area involved had a density lower than the average for the urban area, the artificially lowered density in the subarea with the nonresidential use would increase the overall variance and therefore the populationweighted density. This means, of course, that at least some of these effects will tend to cancel out. But it would take a rather heroic assumption to believe that the relative effects of the decreases and increases in the variance would be similar across areas with distributions of both residential and nonresidential uses and different as, for example, New York and Los Angeles. And the greater land areas of outlying subareas would increases the likelihood of areas of nonresidential use in those areas.
One final question with respect to population-weighted density relates to how one calculates the average density. The first reaction is probably that this is obvious: It is the mean, the sum of the weighted densities divided by the total population. But this is the arithmetic mean. This is not the only measure of central tendency and not even the only method of calculating a mean. Craig (1984 Craig ( , 1985 makes the argument that in comparing densities, relative or proportional differences are more important than absolute differences. A density difference of 100 persons per square mile is more important for an area with a density of 1,000 persons per square mile than for an area with a density of 5,000 or more. For this reason, he proposes that the geometric mean be used for calculating population-weighted densities rather than the arithmetic mean. The population-weighted geometric mean of density is: ! This becomes easier to understand and compute after taking the logarithms of both sides:
! So the log of the population-weighted geometric mean of density is the populationweighted arithmetic mean of the log of the subarea densities. In other words, this is the population-weighted mean of the magnitudes of density.
The mean is one measure of the central tendency of a distribution. The distribution of densities across subareas in an urban area can often be quite skewed. For skewed distributions, the suggestion is often made that the median may be a more informative measure of central tendency than the mean, which is affected by extreme values. So one might also considered the alternative of the population-weighted median density. This would be the density level of the subarea for which half the population of the urban area resides in subareas with lower densities or in that subarea and half live in areas having higher densities or in that subarea.
The conclusion must be that the population-weighted density for any urban area can take on a wide range of values depending upon the subareas employed and the method of calculation. No single correct value exists for the population-weighted density.
Uses of Population-Weighted Density
Population-weighted density has been employed in a variety of ways. The most basic is as a descriptive measure of density, often in comparison with conventional density. Craig (1984) looked at conventional density and population-weighted density (including the geometric mean) for all of Great Britain using subareas of different sizes. In a subsequent article Craig (1985) compared conventional and population-weighted densities in regions and counties of England and Wales. Dorling and Atkins (1995) provided more detailed and updated results. Zhao and Kaestner (2010) examined at the effect of urban sprawl as measured by density on obesity. They presented populationweighted density in a descriptive table but then used only measures of percentages of conventional density less than various thresholds in their analysis.
Considering studies related to transportation and the environment, Barnes (2001) used both population-and employment-weighted densities as measures of land use in examining the effect on multiple aspects of travel behavior in the U.S. He described his measure of population-weighted density as a "new" measure to which he gave the name "perceived density." Lee and Lee (2004) showed higher population-weighted density to be associated with major reductions in carbon dioxide greenhouse gas emissions from household travel and from residential energy use in the 125 largest Urbanized Areas in United States. Population-weighted density was calculated using block group data. They stated that "we use this alternative measure because it better captures the population density that typical residents of an urban area experience in their daily lives than do conventional density measures." Considering the regional convergence of income in Europe, Castro 2003 considered the relationships to both conventional and population-weighted density. Looking at how economic factors affect crowding, Rapport examined the effects of both total urban factor productivity (2006) and urban consumption amenities (2008) on population-weighted density.
Not surprisingly, population-weighted density has been employed in studies of urban sprawl. For example, Glaeser and Kahn (2004) calculated both populationweighted density and employment-weighted density as measures of sprawl using ZIP code data. Eidlin (2010) argued that population-weighted density was a better measure of urban sprawl and also suggested the use of the ratio of population-weighted density to conventional density as an additional measure. In addressing sprawl, Yglesias (2016) used tract-weighted density change to identify those urban area becoming more dense.
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In a policy-making context, Coombes and Raybould (2001) evaluated measures of settlement patterns used for the allocation of funding to local authorities in Britain. They then considered additional measures including population-weighted density, looking at the relationships to improved indices they were proposing. Hanlon, et al. (2005) hypothesized that lower density makes the provision of health services more difficult. They used a variant of population-weighted density to look at the relationship between density and maternal health coverage, arguing that uninhabited portions of countries should not factor in to density estimates because these areas were not relevant to the provision of health care.
Some studies have explicitly chosen to use population-weighted density as a measure that would be appropriate for the areas being considered, areas for which the calculation of conventional density would be inappropriate because of the nature of the boundaries. One example is the study by the census (U.S. Bureau of the Census 2012b) of Metropolitan Statistical Areas (MSAs) and micropolitan areas for 2000 and 2010. One chapter looks at the densities of these areas, beginning with the presentation and discussion of conventional densities. As discussed above, this is rather questionable for areas such as MSAs where the boundaries and extent of the areas included can vary so widely and arbitrarily. It is only after looking at the areas with the highest and lowest densities that the report acknowledges this problem associated with the sizes of counties.
To address the problem of using conventional densities with MSAs, they turn to population-weighted densities. It is certainly appropriate to calculate and present population-weighted densities for such areas. But they present population-weighted density more as a means of addressing the problem with conventional densities rather than as a fundamentally different measure of density. They do make the brief statement that "to gain perspective on the densities at which people live, in addition to overall density, the population-weighted density for 2010 was computed," and a brief discussion of the differences is offered. But the extent to which they fail to make completely clear that population-weighted density is a fundamentally different measure comes only a couple of paragraphs later when they make the statement about population-weighted density showing "that the areas with people living at the highest density levels" are largely in California and the Northeast corridor. Here the "where people live" is referring to entire metropolitan areas, as opposed to the use of virtually identical language in presenting the idea of population-weighted density. There they referred to the "densities at which people live" which referred to their census tracts of residence. These not the clearest statements about what population-weighted density is and how it differs from conventional density and is a distinct measure of density.
Loader (2013) was comparing metropolitan areas in Australia and used population-weighted density, saying that it "goes a long way to overcoming having to worry about the boundaries of the 'urban area' of a city." He does briefly describe this population-weighted density as "the residential density in which the 'average resident' lives." But 2 paragraphs later, he describes population-weighted density simply as providing information about the "average density" of a city. Population-weighted density is once again promoted more as a means of overcoming boundary problems without fully clarifying that it is a fundamentally different measure of density.
Population-Weighted Density and Urban Sprawl
Some critics of urban sprawl have turned to population-weighted density as a measure of sprawl. However defined, urban sprawl is generally associated with lowdensity development. And population-weighted density overcomes one of the paradoxes faced by some sprawl opponents. New York is obviously a very dense area, while the Los Angeles area is often taken as an exemplar of urban sprawl. (See, for example, the article "Is Los Angeles-Style Sprawl Desirable?" Ewing 1997). The difficulty arises because the Los Angeles Urbanized Area has the highest (conventional) density of any area in the United States. The New York area, while very dense, is several places behind. New York City has very high densities, but the variation in density within the broader area is far higher than for Los Angeles. And as demonstrated above, this high density variance results in a much higher population-weighted density for New York as compared to Los Angeles. Eidlin (2010) argued that population-weighted density is a better measure of urban sprawl, citing the New York-Los Angeles comparison (and describing Los Angeles as an example of high-density sprawl, which some might consider an oxymoron). He suggests that the problem is that suburban areas in Los Angeles "are not dense enough to support traditional urban amenities like frequent and high quality public transit and bustling commercial districts with sidewalk cafes and pedestrianoriented retail." This is presumably in contrast to the dense core of the New York area, which has these attributes (and evidently those living in the less-dense suburbs in the New York area can be ignored). Barnes (2001) , using population-weighted density in a study of transportation outcomes, also makes the New York-Los Angeles comparison. The argument for the use of population-weighted density and the comparison of the population-weighted densities for the two urban areas have also been made by numerous online commentators (e.g., Bradford 2008a , Florida 2012 ). Davies (2012a) goes farther, describing the fact that Los Angeles is more dense (in terms of conventional density) as being "counter-intuitive." And Yglesias (2016) said that conventional density "leads to some funny results" while tract-weighted population density "tends to be more accurate."
In a post on his New York Times blog simply titled "Density," Krugman (2013) displayed enthusiasm for population-weighted density. He begins by raising the economic question of whether population growth leads to increases in land prices, relating this to density and changes in density. He then goes on to exclaim, "And we have data!" referring to Florida's article (2012) about the census report providing population-weighted densities for MSAs (discussed earlier). He fails to note that the census has provided conventional densities for Urbanized Areas (for which such measures are appropriate) since 1950. Again citing Florida, Krugman says "the new measure conveys a much better sense of how metros differ" and gives the New York-Los Angeles comparison. He finally uses the trends in population-weighted densities from 2000 to 2010 to address the question posed at the beginning about land prices and population growth. Note that in doing so, he does not address whether populationweighted or conventional density would be more appropriate for addressing the question, apparently assuming that that the population-weighted version is simply a better measure of density. I am not going to question a Nobel Prize-winning economist. But the standard monocentric model that has been the foundation of urban economics includes density, and it is conventional density.
This discussion of population-weighted density and urban sprawl raises the question of whether it might be a better measure of sprawl than conventional density. The introduction to this paper made the point that the two different densities measure of different qualities, and neither should be considered superior. As to which might be a better measure of sprawl, it is depends upon the issue being addressed.
Urban sprawl is discussed in the context of the negative consequences that such development patterns are believed to bring about. It is therefore reasonable to focus the consideration of a choice of a "better" measure of density on the relationships of the measures to those outcomes. For the effects of sprawl on individuals within their immediate residential environments, population-weighted density is obviously the more appropriate measure. The higher the population-weighted density, the greater the proportion of individuals living in denser, more walkable neighborhoods, for example. The effects of sprawl on obesity (Zhao and Kaestner 2010) would likewise be related to the local experience of density.
Other negative outcomes of sprawl, on the other hand, depend upon the total amount of land devoted to urban development. The loss of prime agricultural land and sensitive ecological areas are affected by the conversion of land to urban use and the quantity of such land that is converted. For any given population, the amount of land urban is directly related to the conventional, area-weighted population density. The distribution of the population within the urban area is irrelevant. Likewise, sprawl has been criticized for the higher costs associated with providing urban services, particularly linear services such as roads and utilities, to lower-density development. Again, those costs will depend to a considerable extend on the size of area served, not on the distribution of the population within the larger urban area. So conventional, ! 14 area-weighted density is a more appropriate measure of sprawl with respect to such negative outcomes.
For other consequences of sprawl, relationships to the two measures of density are more complex. Transportation provides one good example. Even for something as simple as access to public transportation, both measures of density are relevant. For the question of the proportion of the population that can be served within walking distance by a public transportation system limited to a portion of the urban area, populationweighted density is most relevant. The concentration of the population in certain areas makes it easier to provide convenient access to more people. On the other hand, if the question is changed to one of what would be required to provide access to public transit within walking distance for everyone in the urban area, then the size of the area is the only relevant concern and conventional density becomes relevant. In general, the relationship of the distribution of the population (along with the distribution of other destinations) to transportation outcomes is more complex and is not limited to a relationship to one type of density or the other.
Data and Definition of Urban Areas
This research uses a dataset that was developed with data on numbers of housing units in census tracts for large urban areas in the United States from 1950 to 2010. The tracts for urban portions of metropolitan areas were identified within the Combined Statistical Areas (CSAs) as delineated by the Office of Management and Budget for 2013 (U.S. Bureau of the Census 2013). CSAs were used rather than the more commonly employed Metropolitan Statistical Areas (MSAs) as it was felt they more properly represented the full extent of the metropolitan areas, including those instances in which 2 or 3 MSAs should more properly be considered to be parts of a single area. For those MSAs which were not incorporated into a CSA, the MSA was used.
The 59 CSAs and MSAs with 2010 populations over one million were selected for the creation of the dataset. A number of these areas had multiple large centers associated with separate urban areas than had grown together. This posed the issue of identifying those cases in which a second or third urban area could be considered sufficiently large in relation to the largest area to be considered as an additional center. The decision was made by comparing the populations of census Urbanized Areas (either from the current census or the last census in which the areas were separate) with the largest area. A center was considered to be an additional center if its population were greater than 28 percent of the population of the largest area. The three areas included with the lowest percentages were Akron (with Cleveland), Tacoma (with Seattle), and Providence (with Boston).
The primary data source for this research was the Neighborhood Change Database developed by the Urban Institute and Geolytics (2003) . This unique dataset provides census tract data from the 1970 through 2000 censuses, with the data for 1970 through 1990 normalized to the 2000 census tract boundaries. Population and housing unit data from the 2010 census were added by aggregating the counts from the 2010 census block data (U.S. Bureau of the Census 2012a).
Housing unit densities-the numbers of housing units divided by the land areas of the tracts in square miles-are used in this research rather than the more commonly employed population density measure for two reasons. Housing units better represent the physical pattern of urban development as they are relatively fixed, while the population of an area can change without any changes in the stock of housing. Other studies of urban patterns have made similar arguments for choosing housing units over population, for example Galster, et al. (2001) ; Theobald (2001) ; Radeloff, Hammer, and Stewart (2005) ; and Paulsen (2014) .
Using housing units also allows the extension of the analysis to census years prior to 1970. The census included data on housing units classified by the year in which the structure was built, and these data are included in the Neighborhood Change Database. The 1970 year-built data can be used to estimate the numbers of housing units present in the census tracts for 1940, 1950, and 1960 . Several prior studies have used the housing units by year-built data to make estimates for prior years in this manner, though they have used more recent census data to make the estimates, not the earlier 1970 census data (Radeloff, et al. 2001; Theobald 2001; Hammer, et al. 2004; Radeloff, Hammer, and Stewart 2005) .
Sources of error in these housing unit estimates for earlier years from the yearbuilt data arise from imperfect knowledge of the year in which the structure was built and from changes to the housing stock due to demolitions, subdivisions, and conversions to or from nonresidential uses. These errors increase for estimates farther back in time. Numbers of housing units for 1970 to 1990 were estimated from the 2000 year-built data and compared with the census counts in the Neighborhood Change Database. The judgment was made that estimates 2 decades back involved acceptable levels of error, but this was not the case for 3 decades back. As a result, the decision was made to use the housing unit estimates for 1950 and 1960 but not for 1940.
Urban areas were defined for each census year from 1950 to 2010 consisting of those contiguous tracts meeting a minimum housing unit density threshold. For the definition of Urbanized Areas for the 2000 and 2010 censuses, a minimum population density of 500 persons per square mile was required for a block or larger area to be added to an Urbanized Area (U.S. Bureau of the Census 2002 Census , 2011 . Using the ratio of population to housing units for the nation in 2000 of 2.34 persons per unit, a density of 500 persons per square mile is almost exactly equivalent to 1 housing unit per 3 acres or 213.33 units per square mile. This was used as the minimum urban density threshold.
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Note that this is a measure of gross density, not lot size, as the areas of roads, nonresidential uses, and vacant land are included. 2
Analysis of Conventional and Housing-Unit-Weighted Density
Conventional housing-unit density and housing-unit-weighted density have been calculated for the 59 large urban areas for 1950 and 2010. (Housing units are being used in the dataset rather than population, hence the housing-unit densities. The values are in housing units per square mile.) First is the comparison of the two measures of density, followed by the examination of the changes from 1950 to 2010. Next is the consideration of the relationships of the density measures to the variance in density and the sizes of the urban areas at various times. Densities are shown to vary by region. A listing of the conventional and housing-unit-weighted densities and the density variance in 2010 for each of the urban areas is given in the Appendix.
Comparison of the Density Measures
First is the comparison of conventional and housing-unit-weighted densities for 1950 and 2010. Table 1 presents summary statistics for the measures for the two years. The housing-unit-weighted densities are of course higher, which they necessarily must be. Mean housing-unit-weighted density is nearly 3 times larger than conventional More detail on the construction of the dataset and the delineation of the urban areas is provided in 2 Ottensmann (2014). density in 1950 and over twice as large in 2010. More interesting are the minimum and maximum values. The smallest weighted densities in both 1950 and 2010 are not that much greater than the minimum conventional densities. The maximum values, on the other hand, are much, much higher than the conventional densities, about 18,000 versus 3,000 in 1950 and 15,000 versus 2,000 in 2010. Not surprisingly, the highest weighted density is for the New York area in both years. The very wide range of the weighted densities as compared with the conventional densities suggests making comparisons of the distributions of the two measures. Figure 1 shows the histograms of the two distributions for 2010 using the 2000 4000 6000 8000 10000 12000 14000 16000 Housing-Unit-Weighted Density same scale for each. For conventional density, all of the areas are tightly clustered below 2,000 units per square mile. Weighted densities have a much more extended tail, going up to over 5,000 units per square mile for the second largest, with the maximum value for New York at nearly 15,000 units. This shows clearly the extent to which New York is a major outlier in terms of weighted density while at the same time other urban areas also have high values relative to conventional density.
The histograms clearly showed the presence of the outliers, especially New York. They were less effective in allowing the comparison of the distribution of the majority of the areas with respect to the 2 measures. For this, box plots of the two density measures are shown in Figure 2 . Two sets of the conventional-and weighted-density box plots are presented. The top set shows the full range, including the maximum value for New York. The lower-set limits \the range to 6,000 units per square mile, excluding the very high value for New York and expanding the rest of the plots to better allow comparisons of the remainder of the distributions.
The middle of the distribution of the housing-unit-weighted densities-the range between the first and third quartiles-falls above all but the highest areas in terms of conventional density. And the top quartile extends yet higher. Conversely, most of the 2,000 4,000 6,000 8,000 10,000 12,000 14,000 16,000 Density 0 2,000 4,000 6,000 Density
Conventional Density
Housing-Unit-Weighted Density conventional densities fall into the first quartile of weighted densities. So the overlap of the two distributions is quite limited. Comparison of the areas with the highest densities on the two measures provides additional insight into both the differences and similarities. Table 2 lists the 10 areas with the highest densities in 2010, the top portion in terms of conventional densities and the lower part with respect to housing-unit-weighted densities. In addition to the rank and density for the measure used to order each table, the listings also give the density and ranking for the other density measure.
Looking first at the areas with the highest conventional densities in Table 2 . Los Angeles has the highest housing-unit density among all of the areas. New York is somewhat lower, in fourth place. Note that this is the same as for population densities for all census Urbanized Areas in 2010-Los Angeles is the most dense and New York is fourth. Some of the areas on this list of the most dense areas are places many would not have thought of as being especially dense, including Las Vegas, San Diego, Portland, and Denver. Indeed, 3 of these 4 areas-all but San Diego-are not ranked in the top 10 with respect fo housing-unit-weighted density-though none falls to lower than 16th position. Now consider the densest areas with respect to housing-unit-weighted density shown the lower portion of Table 2 . New York has by far the highest weighted density. Los Angeles' ranking has dropped, but only to fourth position. It still has one of the higher housing-unit-weighted densities. Additions to this top-10 ranking that were not on the list as having the highest conventional densities are Chicago, Philadelphia, and Boston. These are areas that many might have considered among the more dense urban areas in the country. And while they are dense in terms of weighted density, this is not so much the case with respect to their conventional densities. Chicago was ranked 11th for conventional density, so it almost made the top-10 list. But of the 59 large urban areas in the dataset, Philadelphia was only 22nd in terms of conventional density and Boston was way down that list in the 41st position. This clearly shows how in some cases conventional density and weighted density can give a very different senses of urban area densities.
The lists of areas with the lowest densities showed less interesting variation between conventional and housing-unit-weighted densities. For the areas with the lowest densities, all but one of the 10 least dense in terms of housing-unit-weighted density in 2010 were in the South, with Indianapolis in tenth place. And all but one were also either in the 10 least dense areas in terms of conventional density or very close. The 5 least dense areas with respect to both types of density were Greenville-Spartanburg, Knoxville, Greensboro-Winston-Salem-High Point, Charlotte, and Raleigh-Durham. 
Changes in Densities
Next is the consideration of the changes in the two density measures from 1950 to 2010. Two measures of change have been calculated, the difference between the 1950 and 2010 densities and the percentage changes over the period. Table 3 presents summary statistics for these measures of change. On average, both types of densities declined over the period, with weighted density showing a somewhat greater drop of 12 percent versus 5 percent for conventional density. But more significant were the tremendous ranges in the changes in both types of density. The changes in conventional density ranged from a decline of over 1,000 units per square mile to an increase that was just as large. The largest drop in weighted density was over 3,700 while another area saw the weighted density increase by nearly 1,700 units per square mile. Obviously no consistent pattern of change occurred for either type of density. The smallest and largest percentage changes were more extreme because some of these changes started from bases of very low densities in 1950.
Relationships Among Density, Variance, and Size of Area
The measures of density are related to one another, to the variance of density in the urban area, and to the size of the area. These relationships are examined here. Starting with the relationship of housing-unit-weighted density to conventional density, Figure 3 is the scatter plot of weighted versus conventional density. Weighted density is reasonably closely related to conventional density, increasing in a generally linear fashion, with one major exception. New York's position as the outlier with the extremely high housing-unit-weighted density in comparison to its conventional density is very obvious. Table 4 presents the correlations among both measures of density, the variance of density across the census tracts, and various measures of the size of the urban area. As expected from the scatter plot, the correlation between conventional and weighted density is high, 0.85, and clearly highly statistically significant. Both measures of density were likewise highly correlated with the variance in density. This is not surprising. The threshold for the inclusion of tracts in an urban areas is the same for all areas, so all areas will have similar minimum tract densities. The higher the overall densities, the greater the range and therefore the larger the variance. While the correlation of the variance with conventional density was large, 0.75, the correlation with weighted density was extremely high at 0.97. This relationship to the variance is not surprising given that, as shown above, weighted density is equal to conventional density plus the variance divided by the conventional density. Now to the relationships of the densities to the size of the urban area. First is the consideration of the correlations to the size of the area contemporaneously with the density measurement, 1950 sizes with 1950 densities and 2010 sizes with 2010 densities. In keeping with the use of housing units, size is measured in terms of the number of housing units in the urban areas. Once again there are strong positive relationships. Densities clearly increase with the size of the urban area. The relationships are especially strong for weighted densities, with correlations of 0.90 and 0.87 in 1950 and 2010 as opposed to somewhat smaller correlations of 0,67 and 0.58 for conventional density.
This relationship of density to size raises the question of size at what point in time. Urban areas develop and their patterns, including densities, are established over long periods of time. Cities were far more dense in the 19th century when they were dependent upon walking and public transit as the primary modes for movement. The development and widespread use of the automobile provided more flexibility and enabled settlement further from the centers at lower densities. This suggests that urban areas that grew to a larger size before the automobile came into general use might be more dense than areas that have seen more of their development in the automobile era.
The sizes of the urban areas in 1910 are considered to examine this hypothesis. That year was chosen for 2 reasons: This is prior to the period when automobile use became common enough to substantially contribute to urban mobility. In addition, 1910 was the first year in which the census delineated and reported populations for metropolitan areas that included the suburbs along with the major cities.
The Census Bureau first defined Metropolitan Districts around cities of 100,000 or more in 1910 and reported populations and other data for these areas. (The Metropolitan Districts were the forerunners of the current Metropolitan Statistical Areas but were comprised of incorporated municipalities and minor civil divisions, not counties.) The Metropolitan District populations in 1910 are being used as the measure of urban area size in the early twentieth century for those areas for which they were delineated. For cities with populations less than 100,000, the city populations are used. This seems reasonable because those areas were likely to have limited suburban population outside the city. And Las Vegas is not included as it was not incorporated as a city until 1911 so there was no census report of population for 1910 (U.S. Bureau of the Census 1913).
For conventional density in 1950, the correlation with 1910 population was just as high as the correlation with 1950 housing units. 0.69 versus 0.67. This supports the hypothesis that the development of the urban area in the pre-automobile period had a significant effect of later density levels. But by 2010, the correlation with 1910 population had dropped to 0.36 as compared with the correlation of 0.69 with housing units in 2010. This could reasonably be attributed to the longer time period and the greater amounts of subsequent development affecting urban patterns and densities. A quite different picture is seen when looking at housing-unit-weighted densities. For the 1950 densities, the correlations with 1910 populations are about the same (actually a bit higher) than the correlations with contemporaneous size. The difference was 0.90 versus 0.91. But the more interesting result is for 2010 weighted density, with a correlation of 0.91 with 1910 population and 0.87 for 2010 housing units. The correlation of housing-unit-weighted density with the size of the urban area has not declined over the 100-year period since 1910. Weighted density in 2010 is as strongly related to the size of the area a century earlier as it was to the current size in 2010. This would seem to suggest that the some of densest portions of urban areas which are contributing to higher weighted densities were established by 1910 before the widespread use of the automobile, and their effects on weighted densities are continuing up through the present.
Differences in Density by Region
The final question relates to how the 2 types of densities vary by region of the country. Table 5 gives the mean values for the 2 measures of density in 1950 and 2010 for the urban areas in each of the census regions. In what may seem surprising to some, areas in the West had by far the highest mean conventional density in 2010. Areas in the South had the average lowest density, but this was not that much below the means for the Northeast and Midwest. This is in contrast to 1950 in which the urban areas in the Northeast had by far the highest conventional density. 3 Perhaps not surprisingly, the patterns for average housing-unit-weighted densities was very different. Urban areas in the Northeast had by far the highest average weighted densities of over 6,000 units per square mile in 1950 and nearly 3,900 in 2010. This is the location of many of the larger and older urban areas that experienced rapid growth in the nineteen and early twentieth century. However, the mean value in 2010 is strongly affected by the extremely high value for New York. Excluding New York reduces the mean for the remaining urban areas in the Northeast to just under 2,500. The urban areas in the West, much newer and younger, went from nearly the lowest mean density in 1950 to an average of 2,700 units per square mile in 2010, second to those in the Northeast with New York included, but higher than the Northeastern areas without New York. Once again, areas in the South were at the bottom at under 1,700. One note on the mean densities for the South: The Washington-Baltimore urban area is included in the South census region though it is arguably more similar to the other large urban areas in the Northeast corridor. It had, along with Miami-Fort Lauderdale-West Palm Beach and New Orleans by far the highest densities, both conventional and weighted, in the South. Excluding Washington-Baltimore would have resulted in somewhat lower mean densities for the South. Excluding all 3 of those outliers would have resulted in a substantially lower mean.
Conclusions
Population-weighted density is a distinct, alternative measure of density. As demonstrated, population-weighted density is equal to conventional density plus the variance of density across the subareas used for its calculation divided by the conventional density, which is simply total population divided by total area. Conventional density is also equivalent to area-weighted density calculated across any set of subareas.
Population-weighted density is a measure of density that reflects the average density as experienced by the residents of the urban area within their subareas. It captures an aspect of density that differs from conventional density. But neither density can be seen as being inherently superior. As measures of urban sprawl, populationweighted density may be more appropriate in considering negative effects of low densities and sprawl on people within their immediate neighborhoods. However, conventional, area-weighted density is more relevant to consideration of the effects of sprawl in causing the loss of land and increased costs of providing services associated with the greater land areas to be served.
The size and configuration of the subareas used for the calculation of populationweighted density has major implications for the values obtained and for their interpretation. Many of those using population-weighted density have devoted little or no attention to these critical issues.
Population-weighted densities must be greater than conventional densities with the increase associated with the level of variation in densities across the subareas. Because of this effect of density variation, population-weighted densities are also more highly skewed towards larger values, with the population-weighted density of the New York area being an extreme example. This effect of the density variance makes it possible for areas having very modest conventional densities to have relatively high population-weighted densities. An example is the Boston urban area, which is was forty-first in conventional density among the 59 urban areas consider but has the eighth highest housing-unit-weighted density.
While both types of density are positively related to the sizes of urban areas, housing-unit-weighted density is more highly correlated with size than conventional density. This holds not only for the correlations of weighted density with the current size of an urban area but with the size in earlier years, going back to 1910. How large the urban area had grown by that year continues to be very highly correlated with population-weighted densities all the way up to the present.
The effect of the timing of urban growth on the two types of densities can be seen in regional differences as well. In 1950, mean population-weighted density was highest for the older urban areas in the Northeast which had experienced considerable growth in the nineteenth and early twentieth centuries. But by 2010, mean conventional density was greatest for the urban areas in the West which have experienced more of their growth in recent decades.
To reemphasize the point made in the introduction: Population-weighted density captures a different aspect of density compared with conventional density. It is not a better measure of density. It has advantages and disadvantages compared to conventional density. As such, it can be a useful alternative in some contexts.
